We present a more general inversion and regularization method based on constrained minimization on arbitrary grids. Weighting matrices are used to control both model cells and their boundaries. This allows for involving additional information as bore hole data, known boundaries or other geophysical methods, e.g., in form of a joint inversion.
The inversion approach
Let d be a vector of D individual data d i (i = 1 . . . D). We search for a model m described by model parameters m i (i = 1 . . . M ) that explains our data to a certain degree by minimizing e = d − f (m) in a least squares sense, where f (m) is the model response. Often we use data errors for weighting yielding the data functional
The weighting matrix D = diag 1/ i can be augmented by weighting functions w d i such that D = diag w d i / i . For example, we obtain a robust processing (Claerbout and Muir, 1973) which is less sensitive to outliers by using the fraction of the element in the 1 and 2 norm
However, we have the problem of ambiguity of different models that satisfy our data. So we regularize by introducing a model functional Φ m and minimizing Φ = Φ d + λΦ m where λ controls the strength of regularization. Typical for large-scale problems are smoothness constraints (Constable et al., 1987) , i.e., the model roughness is minimized. Now we generalize Φ m by introducing weighting matrices W c and W
where m 0 is a starting or reference model and C is a roughness operator which may be obtained for all meshes. A model-sided control may be achieved by the diagonal matrix W m = diag w m i . The individual entries determine the reliability of the starting model or depend on resolution measures as done by the active constraint balancing (Yi et al., 2003) . Additionally model parameters may be fixed or coupled easily by deleting or merging individual rows.
In contrast, we can control the model characteristics by the constraint weighting matrix W c = diag w • The factors depend on the normal vector of the cell boundary. Thus, specific directions may be enhanced to obtain, e.g., a more or less layered model.
• We apply the principles of robust modeling (eq. 2) to the model roughness Cm. So iteratively the model obtains a more and more blocky characteristics by down-weighting the corresponding penalty factors. Moreover this procedure can be used for structural reference models of known boundaries but unknown parameters.
• In case of known unit boundaries in the subsurface we can neglect the penalty completely. For examples, from bore hole cores or logging data we known layer boundaries very well in the vicinity of the bore hole. Furthermore, other geophysical methods as reflection seismics or GPR may detect unit changes that are introduced in the model parameterization and work as allowed boundaries.
• If we have more than one tomographic method we want to couple these by a joint inversion. As above we apply robust modeling, but use the roughness of one parameter for weighting another and vice versa (Günther and Rücker, 2006) . So common boundaries are enhanced and ambiguity is reduced.
DC resistivity examples
Note that the above methods are valid for any method with tomographic inversion. In the following we concentrate on direct current (dc) data and use the triple-grid technique (Günther and Rücker, 2005) for the reconstruction of resistivity structures. It makes use of unstructured triangular (2d) or tetrahedral (3d) meshes which can most flexibly incorporate geometry.
Anisotropic and blocky inversion
Geoelectric measurements underwater represent a challenge for both the technical equipment and the inversion routine. The latter has to consider the geometry of the lake bed and the resistivity distribution. We show data from the Feldungel lake near Osnabrück. Since unaffected by human the sedimentation tells a lot about the past few thousand years. We expect to see mainly layered structured and therefore decreased the penalty factors depending on the normal vector of the boundary. Moreover, we fixed the water resistivity in the inversion. In our case, the variations were very small so that we chose the mean of 22.5 Ωm for the whole lake. The underground resistivities were restricted to lie above that value by the logarithmic barrier constraint technique. Figure 1 shows the inversion result. Near the bottom we have resistivities slightly above that of water. At depth the bedrock is visible by a few hundreds Ωm. In the layers between we can obtain insight in the sedimentation of the lake that formerly consisted of two parts.
Introduction of core data
Aim of the following example is to delineate groundwater related structures in the ground. We choose a section of the profile with 200 electrodes with a spacing of 5 m. In that region boreholes have been drilled. With the cores we distinct a significant layering that is used as allowed boundaries. Since the bore hole is only punctual we restrict the length of the boundary to the extend of their depth. 
Introduction of layer boundaries
The following example was measured by the K-UTec GmbH, Sondershausen. Aim of the survey was to detect the top edge of the bedrock with seismic refraction and dc resistivity measurements. The refraction data exhibit good quality and have been interpreted by a two-layer case with varying layer boundary.
The resistivity data were inverted and displayed in Fig. 3 together with the refractor (left). Obviously the velocity boundary can be seen in terms of resistivity, too. Therefore we introduced the refractor as a known boundary in the model generation and allowed for sharp resistivity contrasts at these positions. The result is shown on the right side of Fig. 3 . Now we obtain a much clearer image of the subsurface, particularly in the central part, where we have almost a two-layer case. On the right hand side the resistivity sees the bedrock at depth and does not accept the given boundary which is certainly to steep to be resolved. At the left hand side there might be an additional unit that is invisible in terms of velocity.
Joint inversion
In the following example resistivity and refraction seismics data have been obtained to find the upper edge of mudstone in a topographical area. Both data have been inverted separately. In Figure 4 the results without and with structural coupling. The relatively smooth transition zone in both resistivity and velocity can be significantly sharpened by the joint inversion approach.
Conclusions
By additional information we can restrict the ambiguity of the inverse problem. The presented approach allows for incorporation of different information sources as bore holes or other geophysical data.
